The importance of nonclassical, multistage crystallization pathways is increasingly evident from theoretical studies on colloidal systems and experimental investigations of proteins and biomineral phases. Although theoretical predictions suggest that proteins follow these pathways as a result of fluctuations that create unstable dense-liquid states, microscopic studies indicate these states are long-lived. Using in situ atomic force microscopy to follow 2D assembly of S-layer proteins on supported lipid bilayers, we have obtained a molecular-scale picture of multistage protein crystallization that reveals the importance of conformational transformations in directing the pathway of assembly. We find that monomers with an extended conformation first form a mobile adsorbed phase, from which they condense into amorphous clusters. These clusters undergo a phase transition through S-layer folding into crystalline clusters composed of compact tetramers. Growth then proceeds by formation of new tetramers exclusively at cluster edges, implying tetramer formation is autocatalytic. Analysis of the growth kinetics leads to a quantitative model in which tetramer creation is rate limiting. However, the estimated barrier is much smaller than expected for folding of isolated S-layer proteins, suggesting an energetic rationale for this multistage pathway.
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in situ atomic force microscopy imaging | protein crystal growth | two-step crystallization | amorphous precursors | assembly kinetics S elf-assembled protein architectures exhibit a range of structural motifs (1) including particles (2) , fibers (3), ribbons (4) , and sheets (5) . Their functions include selective transport (5) , structural scaffolding (6), mineral templating (4, 7), and propagation of or protection from pathogenesis (3, 8) . Although the molecular structures of the isolated proteins dictate their governing interactions, these functions emerge from the nanoscale organization that arises out of self-assembly. Recent theoretical investigations have predicted that assembly pathways during crystallization of proteins can deviate from the classical picture in which order arises concomitantly with condensation (9) . Instead, dense-liquid droplets with little long-range order, which arise through transient fluctuations, have been found to lie along the path of least steep ascent over the free energy barrier to nucleation of the ordered phase. After formation of these denseliquid droplets, relaxation to the lower energy-ordered state occurs. Experimental studies of bulk protein crystallization (10, 11) have led to similar conclusions and provide convincing evidence for a dense-liquid phase that precedes order. But due to experimental limitations associated with viewing assembly in three dimensions with molecular resolution, a molecular-scale picture of multistage pathways has not been obtained. Moreover, in many protein systems, folding events and conformational transformations to oligomeric forms are an inherent part of assembly, but their role in defining the assembly pathway is largely unexplored.
Among the myriad of self-assembled protein architectures found in nature, cell-surface layers (S layers), which form the outermost cell envelope in many strains of bacteria and archaea (6, 12) , present a distinct class. S layers form compact 2D crystalline arrays out of a single protein or glycoprotein. They typically overlie a lipid membrane or polymeric cell wall and exhibit crystal symmetries ranging from p1 to p6. They play a role in all the functions described above and can be reconstituted in vitro into 2D arrays both in bulk solutions and at surfaces. Because they exhibit large-scale order and a periodicity commensurate with the dimensions of quantum dots and nanotubes, they were among the earliest self-assembled protein structures to be exploited as scaffolds for organizing nanostructures via a bottom-up approach (13, 14) . However, a clear picture of the assembly mechanism, either in vivo or in vitro, has remained elusive due in part to a lack of dynamic structural information (15) . Here, we present results from an in situ atomic force microscopy (AFM) investigation revealing that S-layer assembly in 2D on supported lipid bilayers (SLBs) proceeds along a multistage pathway starting from monomers of extended conformation and passing through an amorphous precursor phase before folding into the final crystalline array of compact tetramers. Analysis of the assembly kinetics suggests that the energetics of tetramer formation drives the system to follow this complex pathway.
S-Layer Preparation and Imaging
We studied the S-layer SbpA from Lysinibacillus sphaericus (ATCC 4525, MW ≅ 132 kDa). Because SbpA readily forms 2D crystals in vitro in the presence of Ca 2þ , it has been utilized in a broad range of applications both in suspensions and on natural or synthetic surfaces (16) (17) (18) . In particular, lipid layers carrying zwitterionic groups such as phosphocholine or phosphoethylamine have been adopted to support SbpA crystals on a matrix similar to a natural biological membrane (16, 19, 20) . At least one previous investigation attempted to follow S-layer SbpA growth by AFM, but Si wafers were used as substrates and neither the process of nucleation nor the molecular-scale details of the growth process were observed (15) . In the present study, we used the lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) to make SLBs on bare mica. Monomeric SbpA dissolved in pure water was mixed with 10 mM tris(hydroxymethyl)aminomethane (Tris), pH 7.1, 100 mM NaCl, 50 mM CaCl 2 and injected into the fluid cell of an AFM. In situ imaging was then employed to investigate the dynamics of S-layer assembly on the SLB for a range of protein concentrations (C p ). (See SI Appendix for details.) Results and Analysis Pathway of S-Layer Assembly. Fig. 1 presents a set of in situ AFM images and height profiles selected from a time sequence that reveals multistage assembly comprised of four distinct processes: (i) adsorption of extended monomers onto the SLB, (ii) condensation into amorphous or liquid-like clusters, (iii) rearrangement and folding into crystalline arrays of tetramers, and (iv) growth by new tetramer formation at edge sites of the crystalline clusters.
As Fig. 1A shows, following introduction of protein solution, S-layer monomers and/or small oligomers with an average height of about 2 nm and an extended conformation began to adsorb onto the SLB. As the adsorbed protein (AP) coverage increased, two distinct morphological changes occurred over the time period of ∼15-70 min. First, the SLB became densely populated with APs (height profiles, Fig. 1 B-D) . Second, amorphous clusters (ACs) of nearly uniform heights (∼10-12 nm) formed on the SLB (Fig. 1B) , and these clusters appeared only after high coverage on the SLB was established. Initially these clusters did not reveal any internal structure nor change their dimensions significantly over a time period of ∼30-80 min. However, gradually internal structure and ordering began to emerge in each of the ACs (Fig. 1C) . Fig. 1D shows that, after this extended incubation period, nearly all of the ACs in Fig. 1C transformed into crystalline clusters (CCs) within a short period of about 5-10 min.
The height profiles of the ACs and CCs show that, during the course of this transformation, not only did the individual lattice units emerge (labeled with asterisks in the height profile of Fig. 1D ), but the CCs became slightly shorter than their amorphous precursors (9 nm vs. 11 nm). Separate volume measurements of ACs and CCs before and after the transition show that the crystalline phase is about 10% more compact than the amorphous phase (See SI Appendix Figs. 3S-1 and 3S-2). Analysis of cluster size and position vs. time shows there is no correlation between either of these characteristics and our ability to resolve the tetrameric lattice (See SI Appendix Figs. 6S-1 and 6S-2; SI Appendix Table 6S-1). Thus the appearance of order structure is not due to stabilization of cluster position but rather is a result of the amorphous-to-crystalline transformation.
After the transformation was complete, each CC grew by creation of new tetramers at its edges until nearly all of the APs were consumed ( Fig. 1 E and F) . Fig. 2 follows the transformation and growth process for a single cluster and a detailed picture of the complete adsorption, condensation, transformation, and tetramer-by-tetramer growth stages can be seen in Movie S1. A schematic illustrating the sequence of events leading to formation of crystalline S layers as deduced from the above observations is given in Fig. 3 .
Numerous aspects of the growth process are worth addressing. Each CC continued to grow without interruption as long as it was unhindered by neighboring CCs and there were available APs around the cluster. The AP coverage dropped continually as the CCs grew until, near the end of the process, most of , not only was the surface well covered with APs but ACs of nearly uniform heights had formed. By Δt ≅ 83 min (C), some of the ACs had begun to show the emergence of internal structure, and by Δt ≅ 87 min (D), nearly all of ACs in C had transformed into CCs with a tetragonal lattice. The height profiles before and after the transformation (C vs. D) demonstrate that the ACs were slightly taller than the CCs and reflect the resulting periodic structure of the CCs. Detailed volume measurements show that the CCs were also more compact. At later times [e.g., Δt ≅ 108 min (E) and Δt ≅ 220 min (F)], each CC continued to grow by consuming available APs near the cluster until growth was physically hindered by neighboring CCs. A highly resolved image from mature CCs (G) revealed the tetrameric arrangement and submolecular details (i.e., loop-like structure) of the four S-layer monomers that comprise each lattice unit.
the SLB was devoid of APs. This observation implies that, after the initial coverage had been established, adsorption of new protein onto the SLB from the solution was a much slower process than incorporation of protein into the CCs. Thus growth occurred almost exclusively through surface transport and attachment. (See SI Appendix Fig. 2S-1 for further verification) We indirectly verified that new tetramers did not attach to the clusters directly from solution, but formed from the absorbed monomers on the surface by using dynamic light scattering (DLS) to monitor assembly in bulk solution. The DLS data demonstrate that oligomer formation in solution was much slower than on SLBs (See SI Appendix Fig. 4S-1 ). In addition, to form crystalline clusters in the absence of SLBs required solution protein concentrations that were 2-3 orders of magnitude larger.
The CCs neither moved nor reorientated relative to one another despite the fluidity of the SLB surface (see SI Appendix Figs. 6S-1-6S-3). This was in stark contrast to the APs; sequential images (shown in Movie S1), reveal a rapidly fluctuating AP distribution. Given that SLBs can be highly fluidic, we cannot say whether APs diffuse on the SLB or move with them, but their mobility is critical for CC growth.
Once nucleation was over, new tetramers appeared exclusively at unpopulated lattice sites around the perimeter of the CCs. No tetramers appeared in the surrounding mobile phase of APs. The frequency of attachment to the CCs was somewhat higher at kink sites where the number of nearest neighbors was maximized. Consequently, newly formed lattice units tended to complete entire rows rather than appear at random edge sites (Fig. 1E) . (See Fig. 2 and Movie S1). In addition, detachment of a tetramer from a CC was an extremely rare event. Once a tetramer formed, it remained a permanent part of the crystal. This irreversibility is most readily seen in Movie S1.
Analysis of Assembly Kinetics. These observations suggest a simple model for the growth phase that leads to a specific prediction of CC size vs. time. The rate of increase in the number of tetramers in a cluster dN T ∕dt should be proportional to the number of lattice sites around its perimeter (4L∕a), the surface concentration of adsorbed proteins nðtÞ, and the rate coefficient for tetramer formation β. For a square island, this is
where L is the island width and a is the lattice parameter. Eq. 1 implies that the CC growth rate should be greater for larger initial cluster size and increase as the clusters grow. But as the APs are consumed and nðtÞ decreases, the growth rate should approach zero. As shown in SI Appendix Eq. S1-7, nðtÞ can be expressed in terms of the average island area hLðtÞ 2 i vs. time, the surface density of clusters m, and the initial coverage n 0 , all of which can be determined from the experiments. Integrating Eq. 1 with the expression for nðtÞ gives
where N T;0 is N T ðtÞ at t ¼ 0 and f ðtÞ is a function that approaches a constant at large t and depends on m, L 0 , and n 0 . (See SI Appendix Eqs. S1-10 for the detailed expression.) Eq. 2 predicts that larger initial cluster size should correspond to higher growth rate and that the rate should be stronger than linear at short times and eventually decline to zero. Because n 0 should increase with bulk solution concentration C p , Eq. 2 also predicts that the growth rate will increase with C p . Fig. 4A shows the measured dependence of CC size on time for a range of initial cluster sizes at C p ≅ 16 μg∕mL. Fig. 4B shows the growth curves for CCs of similar initial sizes at three different solution concentrations. The data exhibit all of the features predicted by the model as demonstrated by the curves, which are fits according to Eq. 2.
The fits to the data in Fig. 4 give a value for β∕a 2 of 2.0 × 10 −3 s −1 at C p ≅ 16 μg∕mL. As Table 1 shows, the values of β derived from experiments with other protein concentrations are similar (See SI Appendix Tables 1S-1-1S-3). To better understand this parameter, we first assume that, like proteins in solution or the lipids themselves, the adsorbed proteins move by diffusive motion in a viscous media. Then β∕a is the product of the diffusive collision rate (D∕d), where D is the diffusivity and d is the typical jump distance of a few water molecules, and a Boltzmann factor expð−E A ∕kTÞ in which the activation energy E A is associated with the creation of new tetramers. From this analysis we obtain E A ∼ 51 kJ∕mol (Table 1) . (For details, see SI Appendix Tables 1S-1, 1S-2, and 1S-3 and SI Appendix Eq. S1-17.) To put this value in context, we compare it to that expected from empirical scaling laws that correlate folding times with protein size and activation energies (21) . Based on that law the measured E A is about 50 kJ∕mol lower than would be expected for folding of an isolated S-layer protein and the observed tetramer formation time is smaller by more than 15 orders of magnitude. Though we cannot say a priori whether the SLB itself raises or lowers E A , this reduction in the folding time and activation barrier is reminiscent of that induced by a potent folding catalyst, such as the Pro region found as part of α-lytic protease, the extracellular bacterial protease, which lowers the folding energy by ∼76 kJ∕mol (22) . The importance of catalysis in tetramer formation at the edge sites around existing S-layer crystals on SLBs was already clear from the lack of any such events in regions away from the crystals. What this comparison to the scaling laws and the example of α-lytic protease provides is an energetic rationale for the accelerated rate.
Discussion
Nonclassical Behavior. Many of the observations reported here demonstrate the nonclassical nucleation behavior of this system. For example, if tetramer attachment were reversible, there would be a critical size for cluster growth, some clusters would grow while others disappeared, and growth would begin immediately upon condensation of the clusters. None of these phenomena are observed in this system. Instead, there is a substantial lag time of tens of minutes between cluster condensation and cluster growth, with growth beginning only after transformation to the crystalline state. Moreover, all clusters grow and none disappear regardless of size, tetramers never form anywhere on the surface prior to transformation of the clusters to the crystalline state, and the tetramers do not leave the clusters. In short, the usual assumption of rapid exchange between the nuclei and the surrounding thermodynamic reservoir, which is a prerequisite for applying classical nucleation theory, is not valid in this system.
Relationship to Other Crystal Systems. Since ten Wolde and Frenkel (9) first used simulations to predict a two-step process for protein crystallization, the importance of nonclassical, multistage crystallization pathways has become increasingly evident in experimental studies of proteins (10) and viruses (11) , as well as biominerals (23) (24) (25) (26) and other inorganic (27) phases. In the simulations (9), critical point fluctuations near a liquid-liquid coexistence line led to formation of unstable dense-liquid droplets in which crystalline nuclei could eventually form. More recent simulations suggest a mix of isotropic non-specific interactions and specific directional bonds can lead to two-step crystallization (28) . Using in situ AFM and optical microscopy, Galkin et al. (10) and Kuznetsov et al. (11) then showed that both protein and virus crystals could form via a two-step process during both homoepitaxy (11) and bulk crystallization (10) . Subsequently, the significance of amorphous or dense-liquid precursors was extended to inorganic systems, particularly biomineral phases, such as calcium carbonate and calcium phosphate generated both in vivo (24, 27) and in vitro (25) , as well as other inorganic (27) phases. Most recently, the existence of stable prenucleation clusters (26) in bulk solutions of calcium carbonate has been reported. ≅ 16 μg∕mL) . It demonstrates that growth rate for an individual cluster depends on its size at t ¼ 0, with larger clusters exhibiting faster growth rates. t ¼ 0 is time when the crystal phase appeared. Dotted lines give the fits to experimental data where the fitting was based on the model described in the text according to Eq. 2. The legend relates the data for each curve to the initial number of lattice units in the crystal nuclei. (B) The second plot presents three growth curves and the corresponding theoretical fits obtained from independent experiments at three different concentrations. Three similar sizes of nuclei were compared to emphasize accelerated growth rate as the concentration was increased.
The discoveries in our current study are significant in two regards. They allow us to directly follow at a molecular level the morphological evolution and dynamics that occur during multistage crystallization. But more importantly, they reveal the previously unrecognized importance of conformational transformation in these nonclassical pathways. The final crystalline state consists of folded tetramers, but apparently, to get to the tetrameric state, monomers require cooperative interactions with closely packed neighbors. This process occurs only at surface concentrations sufficient to allow condensation of amorphous clusters. As a consequence, the unfolded amorphous precursor does not merely provide a potential route to the crystalline state, but must always precede formation of crystalline nuclei. Once these nuclei are formed, the precipitation process continues exclusively through tetramer formation out of monomers in an extended conformation, which evidently requires interaction between the monomers and the crystalline clusters. Hence the crystal serves a catalytic role, lowering the barrier to formation of folded tetramers.
Conclusions
Many questions concerning the detailed pathway of S-layer crystallization on SLBs remain. First, our results provide little insight into the adsorption of proteins onto or diffusion over the lipids, nor do they tell us whether the new tetramers form through four rapid attachments of monomers to a site or through a simultaneous and cooperative reorganization of four monomers into the tetrameric state at that site. Also, as discussed above, during the amorphous-to-crystalline transition, a reduction in cluster height corresponding to ∼10% reduction in volume was apparent (see SI Appendix Fig. 3S-2) . In a natural system, such height variations on membranes sometimes occur through structural rearrangements. For example, a cytolysin prepore on a membrane extends its transmembrane domain through the bilayer to result in a functional complex with height reduced by 4 nm (29) . In our case, the reduced height may be due to enhanced interaction of the lipid head group with the crystal (16), or simply tighter protein-protein contacts. However, we cannot exclude the possibility that resulting changes in the local charge distribution on the cluster surface alter the electrostatic interaction with the AFM tip, which can be enhanced in the presence of divalent ions (30) .
A vast number of bacteria and archae have S layers as outer membranes, and these layers overlie lipid or peptidoglycan membranes (12) . As with all membranes, S layers mediate the interactions of these microbes with their surrounding environment. Moreover, there are many examples of pathogenic protein assembly on or within membranes (31) . Thus, although we have studied a particular protein system that crystallizes on an SLB, the insight it provides into this 2D world is relevant to a wide range of natural systems. The results are also likely to be relevant to protein assembly in far different contexts. This is because phase diagrams and kinetic pathways for 2D systems are not inherently different from those for 1D or 3D systems. Regardless of dimensionality, proteins often need to transform into an oligomeric form in order to create the final ordered structure. For example, prions and beta-amyloids, which crystallize into quasi-1D fibrillar structures, also exhibit folding transformations that produce oligomeric growth units (3, 8) . What is special about the 2D nature of the S-layer system is that its ability to assemble on a lipid surface renders it amenable to investigation using an in situ tool such as AFM that provides molecular resolution of the assembly process.
Despite the broad relevance of the S-layer-on-SLB system to protein assembly, the connections between the results presented here and the in vivo mechanism of S-layer assembly, its fate during cell division, and the symmetry of the cell surface (29, 32, 33) is unclear. But given the central role of the S layer in cellular functions ranging from environmental mineralization (7) to antibiotic resistance (12) , as well as its potential for nanomaterials organization (13) , developing an in vitro platform in which assembly can be manipulated is an important goal. Understanding the detailed physical mechanism of assembly is a significant step toward that goal.
Materials and Methods
Protein Purification. The protein was purified as described with minor modifications (16) . Lysinibacillus sphaericus (ATCC 4525) was grown at 32°C in SVIII medium (50 mM Hepes, pH 7.2, 7 mM K 2 HPO 4 , 10 g∕L peptone, 5 g∕L yeast extract, 5 g∕L meat extract, 0.2 mM MgSO 4 , 1.8 mM sucrose, 17 mM glucose) shaking at 250 rpm. The cells were suspended in cold 50 mM Tris, pH 7.2 and sonicated (Misonix Sonicator 3000) in ice. The lysates were centrifuged at 16;000 × g for 15 min. The separated cell wall in the white portion on the pellet was transferred and resuspended in 0.75% Triton X-100 (Thermo Scientific), 50 mM Tris, pH 7.2 for 10 min at room temperature. After the centrifugation at 28;000 × g for 10 min, the cell walls were washed three more times with the same buffer. The unfolded protein was released with 50 mM Tris, pH 7.2, 5 M guanidine hydrochloride. The undissolved cell walls were removed by centrifugation at 100;000 × g for 45 min. The supernatant was dialyzed against double distilled water at 4°C overnight, and insoluble aggregates were removed by centrifugation at 100;000 × g for 30 min.
Preparation of Small Unilamellar Vesicles and SLBs on Mica. The lipid POPC in chloroform (Avanti Polar Lipids Inc., #850457C) was dried under vacuum overnight. The dried lipid was hydrated with water to 2 mg∕mL by vortexing the suspension to maximize the hydration. The suspended lipid was allowed to equilibrate for several hours. The lipid solution was passed through 100-nm polycarbonate membranes (Avanti Polar Lipids Inc., #610005) more than 20 times and mixed with the same amount of PBS buffer. The solution containing unilamellar vesicles (1 mg∕mL) was placed on fleshly cleaved mica for 10 min. SLBs on mica were carefully washed in degassed double distilled water and kept in 10 mM Tris pH 7.1, 100 mM NaCl, 50 mM CaCl 2 at 4°C.
In Situ AFM. In situ force microscopy was performed using an AFM fluid cell within a multimode AFM (Nanoscope V controller, Veeco Metrology, Inc., Santa Barbara, CA) equipped with a liquid-resistant, vertical engagement 160-μm "JV" scanner. The AFM probe consisted of a sharp silicon tip on a silicon nitride cantilever (HYDRA probe, length: 200 μm, spring constant k ¼ ca. 0.035 N∕m, average tip diameter ≤15 nm, AppNano, Santa Clara, CA). Freshly peeled Mica discs (Grade V-1 Muscovite, Structural Probe, Inc) glued on metal disks using 20-min epoxy glue were used as substrates for SLBs of POPC. For typical imaging conditions, AFM images were collected at scan frequencies of 1-8 Hz while applying a minimum loading force of ∼150 pN or less using optimized feedback and setpoint parameters for stable imaging conditions. Time evolution in situ AFM images were analyzed to determine the average height and domain size of ACs and CCs by using image processing and statistical analysis software such as SPIP (Scanning Probe Image Processor, NanoScience Instruments, Inc.) and IGOR Pro (WaveMetrics, Inc.) with custom programmed IGOR scripts. Three-dimensional perspective surface plots were generated with Image J software (http://rsbweb.nih.gov/ij/ index.html).
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